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The experiments envisaged for the CERN 
Electron Storage Ring Model require a pres­
sure of 10-9 Torr, and pressures below that 
value would be very welcome [1]. The ultra­
high vacuum system designed for the model 
can itself be regarded as a model for future 
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storage rings requiring a pressure between 
10-8 and 109 Torr. Having this in mind, 
I want to describe some of the features of 
the ultrahigh vacuum technique developed for 
and used on this model. 
The Storage Ring Model has a circumference 
of 24 m. The vacuum chamber is composed 
of 12 curved sections of elliptical cross-section, 
95 × 42 mm, and of 12 straight sections of circu­
lar cross-section, 100 mm diameter. Fig. 1 shows 
one twelfth of the ring, including one straight 
section, one curved section and one pumping 
unit. The chamber is made of vacuum-molten 
stainless steel of the composition: Cr 17.5%, 
Ni 15%, C 0.014%. All welds are argon 
arc welded without addition of electrode 
material. All flange connections are sealed 
by gold wire O-rings. The inner walls of the 
vacuum chamber are electrolytically polished. 
The main pumping system is made of 8 tita­
nium sputter pumps. In addition three molecu­
lar pumps are used for the pumping down and 
for pumping during bake-out. In normal ope­
ration, these pumps are separated from the 
vacuum chamber by bakeable all-metal valves 
with indium seatings. The system is thus 
a closed one with only the titanium pumps 
operating. The vacuum chamber, together with 
the titanium pumps and the shut-off valves 
of the molecular pumps, can be baked up to 
300° C. In order to compensate the thermal 
expansion, the curved sections each include two 
bellows which are made of the same stainless 
steel as the rest of the chamber. 
Quite generally, the equilibrium pressure, 




Q d e s + Qleak , (1) S(Peq) 
where Qdes denotes the total desorption rate, Qleak the total leak rate and S(peq) the pumping speed at the equilibrium pressure. The three 
values at the right side of Eq. (1) represent 
the three problems which must be solved, if a 
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maximum equilibrium pressure is imposed by 
a certain experiment: 
1. The pump must have a sufficiently large 
pumping speed at the working pressure. A neces­
sary condition is that the ultimate pressure 
of the pump is lower as the working pressure. 
2. The chamber material must be such and 
its surface so treated, as to have a sufficiently 
low desorption rate. 
3. The chamber must be constructed in 
such a way that the total leak rate due to 
imperfections in welds, joints etc. is sufficiently 
small. 
Furthermore, a sensitive leak detection sys­
tem must be incorporated into the system so 
that possible leaks can be localised rapidly and 
eliminated. 
PUMPING SPEED 
The titanium sputter pumps are of the 
so-called Penning type where a cold titanium 
cathode is bombarded by ions from a Penning 
gas discharge maintained by a magnetic field. 
The sputtered titanium is deposited mainly 
on the anode, where all active gasses are 
immobilized by chemoadsorption (gettering). 
The pumps provide also a certain pumping 
action for noble gases, which is much less 
effective than that for active gases, but never­
theless sufficient in most cases. The nominal 
pumping speed of our pumps (Vaclon 911 — 
1406) for air is 140 l/s. Using standard methods 
it was confirmed that in the range from 10-5 
to 10"7 Torr this speed is in fact reached. 
Between 108 and 10-10 Torr, however, which 
is the important range for us, pumping speed 
measurements are not so easy, and even the 
manufacturer was not able to supply data. 
On the other hand, the pumping mechanism 
of sputter pumps is so different from that 
of the more familiar diffusion pump that we 
considered it abvisable to measure the pumping 
speed also in ultrahigh vacuum. We used a spe­
cial method which is based on the comparison 
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of the pumping speed with the molecular con­
ductance of a diaphragm [2]. 
The measurements revealed the existence of 
two different pumping speed characteristics 
of the titanium pump, depending upon how 
it had been treated. Curve (a) in Fig. 2 shows the 
pumping speed for dry nitrogen as a function 
of the pressure for a pump which has been 
baked together with a small vacuum chamber 
at 300°C for 48 h. The ultimate pressure was 
in this case 5.2 × 10-10 Torr. Curve (b) shows 
for comparison the idealised pumping speed 
characteristic of a diffusion pump of the same 
maximal speed and ultimate pressure accor­
ding to the equation 
S = Smax (1 -
pult ) , (2) p 
where Smax and pult are regarded as constant. It is noticeable that in the range of two deca­
des above the ultimate pressure there is a con­
siderable reduction of the pumping speed of 
the titanium pump in comparison to that 
of an «ideal» pump. 
Fortunately, there exists a method which 
not only lowers the ultimate pressure further, 
but also improves the pumping speed charac­
teristic. In this method, which is also recom­
mended by the manufacturer, the temperature 
of the pump is brought up to 200° C with 
the pump switched on, and argon is injected 
at an equilibrium pressure of about 10-4 
Torr for 5 to 10 min. Then the argon injection 
is stopped, the heating system switched off 
and the remaining argon pumped away by 
means of the roughing pump. 24 h after this 
treatment the ultimate pressure reaches a value 
between 3 and 7 × 10-11 Torr. Curve (c) in Fig. 
2 shows a pumping speed curve after argon 
treatment and illustrates clearly the success 
of procedure. The pressure dependence of the 
pumping speed is now that of an ideal pump: 
at a pressure of ten times the ultimate pres­
sure the pump still has almost its maximum 
speed. 
The immediate effect of the argon treatment 
is the following: under the intense argon gas 
discharge a rather large quantity of titanium 
is sputtered. A getter layer is formed on the 
anode consisting of relatively pure titanium. 
Argon is not being gettered at all. In contrast 
to this, when active gases like nitrogen are 
pumped, a layer is formed which consists, 
roughly speaking, of half titanium and half 
absorbed gas. For each sputtered titanium atom, 
about one gas atom is immobilised. The 
titanium getter layer is saturated at the mo­
ment of its formation. The argon treatment 
remains effective under ultrahigh vacuum con­
ditions for at least six weeks. It is even pos­
sible to let the pump to atmospheric pressure, 
without losing the effect of the argon treat­
ment, if the pump is switched on only after 
a pressure of about 10-7 Torr has been reached 
by means of the roughing pump. If a pump 
is started at a pressure of 10-2 Torr, as pro­
duced by a conventional two-stage rotary 
pump, consisting mainly of oil vapour, the 
effect of the argon treatment is lost. But, 
of course, the treatment can be repeated. 
The full mechanism whereby the argon 
treatment influences the pump performances 
is not entirely understood. It seems, however, 
that the performance limits of these pumps 
have not yet been reached. The pressure to 
which a properly designed vacuum system 
can be pumped with present titanium 
sputter pumps is about 10-10 Torr. But it 
is not too optimistic to expect that in the 
near future sputter pumps with an ultimate 
pressure near 10-12 Torr will be available, 
making working pressures of 10-11 Torr possible. 
DESORPTION 
The problem of the gas desorption rate from 
the chamber walls is especially crucial for 
long vacuum chambers of small cross-section 
area, as they are typical for storage rings. 
Because of the low molecular conductance 
of the chamber, the effective pumping speed 
decreases rapidly with the distance from a pump. 
As a result of this the number of pumps required 
on a given system for a given pressure is direct­
ly proportional to the desorption rate. This 
number is not so much limited by costs, but 
by the space available around a machine. 
It is difficult, for instance, to install more 
than one pump per magnet section. 
We measured the specific desorption rate 
from the chamber walls of the model with 
the experimental arrangement shown sche­
matically in Fig. 3, in which one end of a curved 
section is being pumped while the other end 
is blanked off with a gauge [3]. For the pres­
sure difference between the two ends the 
following relationship can be deduced [4]: 
∆p = AQ A , (3) 2C 
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where A is the total surface of the chamber 
section in cm2, QA the specific desorption rate in Torr · 1 · s-1 * · cm 2 and C the molecular 
conductance of the chamber section in 1·s-1. 
Eq. (3) holds for any tubular vacuum chamber. 
Using this method we found for an electro-lytically 
polished curved section which had 
Fig. 3. 
been baked for 48 hours at 300°C a specific 
desorption rate of 
QA = (1÷3) × 10-13Torr·1·s-1·cm-2. (4) 
The main cause of error is in the inaccuracy 
in measuring the pressure difference. The difference 
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was a few times 10-11 Torr. The highest 
pressure at the end of the vacuum chamber 
was about 10-10 Torr. For a curved section 
which had not yet been electrolytically polis­
hed, but was otherwise treated in the same 
way, we found 
QA 10-12Torr·1·s-1·cm-2. (5) 
The electro ytic polishing diminishes the desorp­
tion rate by a factor of three to ten. It must 
be said, however, that the curved sections 
have a rather complex structure. The recesses 
in the bellows, for instance, are not at all 
reached by the polishing. In a smooth tube 
the improvement by polishing is somewhat 
better. 
The procedure of electrical polishing is rather 
expensive and requires a big installation. 
A current density of 300 mA/cm2 and a tern-
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perature of the electrolyte of 80—85°C must 
be maintained for 10—12 min. At the begin­
ning the bath must be heated, but it must 
be cooled during the actual polishing. Fur­
thermore, the copper anode for a given cham­
ber must sometimes have a rather complica­
ted structure in order to maintain if possible 
everywhere the optimal anode-cathode distance 
of about 2 cm. Fig. 4 shows a curved chamber 
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section, prepared for the polishing. The mas­
sive copper cathode is placed along the axis 
of the chamber. All flanges are equipped 
with an additional central anode each and 
a terminal plate. At the right one can see 
a short tube through which the electrolyte 
is driven by a special pump. Circulation 
of the electrolyte is necessary in order to 
prevent excessive temperatures and the trap­
ping of gas inside the chamber. Nevertheless, 
there is no doubt that time and money spent 
on electrical polishing is well invested, since 
the number of pumps required is proportional 
to the desorption rate. 
For most experiments not only the total 
pressure, but also the composition of the resi­
dual gas is important. The lifetime of electrons 
in the Storage Ring Model, for instance, is 
inversely proportional to the square of the 
atomic number Z of the scattering atoms. 
We therefore made measurements on the com­
pleted vacuum chamber with an omegatron 
mass-spectrometer. Fig. 5 shows the residual 
gas spectrum before bake-out at a total pres­
sure of 2.3 × 10-8 Torr. The most impor­
tant components are hydrogen and carbon 
monoxyde. Argon, helium and some of the 
methane disappear when the titanium pump 
is switched off. Hence these gases have their 
origin in these pumps. Argon is always present 
after a pump has been argon-treated. Its par­
tial pressure, however, represents always only 
a definite per centage of the total pressure, 7% 
in the given case. Oxygen with a partial pres­
sure of 1 × 10-10 Torr, is a measure of the 
total leak rate of the chamber. Taking into 
account that the pumping speed of a titanium 
sputter pump for hydrogen is about 2.7 times 
larger than that for carbon monoxyde, one 
finds that the desorption rate of hydrogen is 
5 times larger than that of carbon monoxyde. 
Bake-out of the vacuum chamber is una­
voidable if pressures below 10-8 Torr are 
to be obtained. The chamber of the Storage 
Ring Model is heated by flat surface heaters 
mounted permanently on the outsides of all 
chamber parts. The bending magnets and 
quadrupole lenses are not removed for a bake-out, 
but their pole tips are protected from 
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the heat by means of water cooled copper jac­
kets. A bake-out cycle takes typically 48 or 
72 h. Although the usual bake-out tempera­
ture for stainless steel vacuum systems is about 
400°C, we limited the temperature to 300°C 
because of the following reasons. We found 
that at 300°C the bake-out takes longer than 
at higher temperatures, but that the final 
desorption rate is the same as after baking 
at 400°C. The second more important reason 
is, that the limitation to 300°C makes it much 
easier to keep the total leak rate sufficiently 
small. 
LEAK RATE 
The problem of keeping the total leak rate 
small enough turned out to be more difficult 
to solve than the two others. Failures of 
demountable flange connections due to bake-out 
are a part of this problem. According to 
our experience there exists no type of flange 
connection which stands repeated bake-out 
at 400—450°C. Above 300°C the failure rate 
increases rapibly for all types of connections 
and even a small failure rate is critical when 
large numbers of flange connections are invol­
ved. The vacuum chamber of the Storage 
Ring Model has altogether 150 demountable 
flange connections. 
Leaks limit for the time being the ultimate 
pressure in the Storage Ring Model. Although 
in a chamber section of three metres length 
an average pressure of 10-10 Torr was obtained 
and the feasibility of such a pressure thereby 
proved, the pressure in the completed ring ranges 
still between 2 × 10-9 and 8 × 10-9 Torr. This 
is due to leaks, mainly in the two large tanks 
housing the electrostatic deflectors. The leaks 
appear to be due to deformations during bake-
out, partly in welds of thick wall (15—18 mm) 
stainless steel and partly on large irregularly 
shaped demountable flanges of about 50 cm 
diameter. New tanks of an improved design, 
avoiding most of the difficulties, have been 
made and are now being tested. We are still 
quite confident that we shall obtain an ave­
rage pressure below 10-9 Torr in the vacuum 
chamber of the Storage Ring Model. 
Though this is not the place to discuss 
the different techniques which have been used 
in order to make all the other components 
of the vacuum chamber sufficiently leak tight, 
the importance of having a sensitive leak 
detection system incorporated into a large 
ultrahigh vacuum installation should be empha­
sised. For the localisation of leaks it turned 
out to be extremely useful that each ti­
anium sputter pump is at the same time a 
sensitive leak detector. It is sufficient to con­
nect a pump to a special power supply 
whose circuits allow the detection of small 
changes of the discharge current of the pump. 
This current depends very much on the gas 
composition. The test gas is applied in the 
usual way to suspicious welds, joints etc. 
We use mostly argon or oxygen. In the high 
vacuum region this leak detection method 
is as sensitive as using a conventional helium 
leak detector, but incomparably more con­
venient because no vacuum connection is needed 
and because the distance from a leak to the 
next pump is never very large. 
An indication of the total leak rate of the 
vacuum chamber of the Storage Ring Model 
is the signal for oxygen, mass number 32, 
measured with the omegatron mass-spectro­
meter, which is permanently installed on the 
ring. Unfortunately, the signal for nitrogen, 
mass number 28, can not be used for this purpose 
because it coincides with the signal for carbon 
monoxyde desorbed from the stainless steel. 
The lowest pressure we are able to detect 
with the omegatron is 1.5 × 10-12 Torr. 
Consequently, based on the oxygen signal, 
a partial pressure of air of ≥ 10-11 Torr 
can be measured. 
CONCLUSION 
It can be said in conclusion that the pres­
sure range between 10-8 and 10-10 Torr is 
accessible for Storage Rings. Whilst a wor­
king pressure of 10-8 Torr can almost be cal­
led a routine job, a pressure of 10-10 Torr 
is about at the limit of what can be obtained 
at present, with considerable effort. More deve­
lopment work on ultrahigh vacuum technique 
for Storage Rings is in progress at CERN. 
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